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2ABSTRACT
Krüppel-type zinc finger (ZNF) motifs are prevalent components of transcription factor proteins 
in all eukaryotic species.  In mammals, most ZNF proteins comprise a single class of 
transcriptional repressors in which a chromatin interaction domain, called the Krüppel-
associated box (KRAB) is attached to a tandem array of DNA-binding zinc-finger motifs.  KRAB-
ZNF loci are specific to tetrapod vertebrates, but have expanded dramatically in numbers 
through repeated rounds of segmental duplication to create a gene family with hundreds of 
members in mammals.  To define the full repertoire of human KRAB-ZNF proteins, we searched 
the human genome for key motifs and used them to construct and manually curate gene 
models.  The resulting KRAB-ZNF gene catalog includes 326 known genes, 243 of which were 
structurally corrected by manual annotation, and 97 novel KRAB-ZNF genes; this single family 
therefore comprises 20% of all predicted human transcription factor genes. Many of the genes 
are alternatively spliced, yielding a total of 743 distinct predicted proteins. Although many 
human KRAB-ZNF genes are conserved in mammals, at least 136 and potentially more than 
200 genes of this type are primate-specific including many recent segmental duplicates.  KRAB-
ZNF genes are active in a wide variety of human tissues suggesting roles in many key biological 
processes, but most member genes remain completely uncharacterized.  Because of their sheer 
numbers, wide-ranging tissue-specific expression patterns, and remarkable evolutionary 
divergence we predict that KRAB-ZNF transcription factors have played critical roles in crafting 
many aspects of human biology, including both deeply conserved and primate-specific traits.
3INTRODUCTION
The human genome is predicted to contain approximately 30,000 genes (Lander et al. 
2001; Venter et al. 2001) including at least 2,000 loci that encode transcription factor proteins 
(TFs) (Messina et al. 2004).  TFs are typically comprised of DNA binding domains, which direct 
the attachment of the TF to DNA at specific recognition sites, and one or more effector domains, 
which confer gene regulatory activities to the proteins.  Generally, these effectors mediate 
protein-protein interactions, allowing TFs to associate with other TFs, cofactors, or chromatin-
altering enzymes.  The C2H2, or Krüppel-type zinc finger (ZNF), is the most common motif in 
eukaryotic TF DNA binding domains.  The C2H2 motif consists of 28 amino acid residues with 
the pattern C-X2-C-X12-H-X3-H; proper folding of the peptide motif is dependent on the 
tetrahedral caging of a zinc ion by the paired cysteine and histidine residues.  The DNA binding 
domains of ZNF proteins are typically comprised of multiple C2H2 motifs joined together 
through a conserved 7 amino acid linker sequence in tandem arrays.  Proteins of this type are 
ancient and numerous, encoded by large and diverse gene families in all eukaryotic genomes. 
Subfamilies of distinct structure and function have arisen in different evolutionary lineages, 
defined by the types of effector domains included in the protein (Bellefroid et al. 1991; Chung et 
al. 2002; Knochel et al. 1989); reviewed by (Collins et al. 2001; Huntley et al. In press). 
The majority of mammalian C2H2 ZNF proteins include an effector motif called the 
Krüppel-associated box, or KRAB.  The KRAB domain acts as a specific binding partner for 
KAP-1 (product of the TRIM28 gene), a co-repressor protein that serves to recruit chromatin-
condensing histone deacetylase complexes to localized regions surrounding the DNA binding 
sites (Ayyanathan et al. 2003).  KRAB-associated ZNF (KRAB-ZNF) proteins therefore function 
as potent repressors of target gene expression (Ayyanathan et al. 2003; Friedman et al. 1996; 
Margolin et al. 1994) Proteins combining KRAB and ZNF domains are specific to tetrapod 
vertebrates, but since the introduction of this gene structure the family has expanded 
dramatically to include hundreds of members in mammals (Bellefroid et al. 1995; Hamilton et al. 
42003; Looman et al. 2002).  Most KRAB-ZNF loci reside in familial gene clusters indicating that 
the family has evolved primarily through tandem in situ duplication (Bellefroid et al. 1995).  
Mammalian KRAB-ZNF gene clusters frequently contain scores of closely related genes, and 
typically include significant numbers of lineage-specific loci due to ongoing rounds of gene 
duplication as well as gene loss (Shannon et al. 2003).  Once duplicated, the new gene copies 
diversify through structural changes in the zinc finger arrays that, in some cases at least, have 
been shown to be driven by positive selection (Hamilton et al. 2003; Schmidt and Durrett 2004; 
Shannon et al. 2003).  Since even subtle alterations in zinc-finger array structure can yield 
proteins with distinct gene targets and DNA recognition specificities (Krebs et al. 2005), this 
striking pattern of divergence suggests an active selection for novel transcription factor proteins 
with altered DNA binding properties. 
Although KRAB-ZNF genes comprise a significant fraction of the human transcription 
factor gene repertoire, most family members remain completely uncharacterized.  Many genes 
are classified as hypothetical, and our preliminary scans of the human genome indicated that a 
significant number of potential ZNF protein-coding genes had not been annotated.  To derive a 
complete catalog of this large family of human transcription factor genes, we computationally 
analyzed and manually curated all significant segments of the human genome containing 
adjacent same-strand KRAB and ZNF domains.  These efforts revealed 423 complete KRAB-
ZNF genes including many that produce alternative transcripts, and predict the existence of at 
least 743 distinct proteins.  We also identified 341 pseudogene sequences, most of which 
correspond to partial duplication products.  Analyses of genomic distribution, expression 
patterns, paralog relationships, and a preliminary comparison to predicted genes in other 
sequenced mammalian genomes permitted a genome-wide assessment of the major 
mechanisms through which this large gene family has evolved.  
5RESULTS
Assembling and Annotating the Human KRAB-ZNF Catalog
Most KRAB-ZNF genes exist as simple modular structures with effector domains and 
zinc-finger motifs encoded in distinct 5′ and 3′ exons, respectively (Fig. 1).  These loci typically 
include one exon that encodes a KRAB-A motif, which plays a dominant role in KAP-1-mediated 
repression (Friedman et al. 1996), and a single exon encoding tandem arrays of zinc fingers; 
many genes also encode additional modulating motifs on separate exons.  These may include 
KRAB-B (Bellefroid et al. 1991), a novel KRAB-B variant we will refer to as KRAB-BL (KRAB-BL 
exons are 30 bp larger than KRAB-B exons, extending in the 3’ direction), KRAB-b (Mark et al. 
1999), or KRAB-C (Looman et al. 2004).  
In addition to the KRAB domains, a small but significant number of KRAB-ZNF genes 
encode a second effector, called SCAN, which is also vertebrate-specific (Sander et al. 2003).  
Many genes containing both SCAN and KRAB domains (SCAN-KRAB-ZNF genes) are 
clustered with KRAB-ZNF and SCAN-ZNF genes and in many clusters the three types of genes 
show clear evolutionary relationships (Sander et al., 2003; and see below).  In some of these 
cases at least, the related human SCAN-ZNF or KRAB-ZNF genes appear to have been derived 
from ancestral SCAN-KRAB-ZNF loci that subsequently lost one of the two effector domains 
(Kim et al. 2004).  To catalog the complete gene family, we employed profile hidden Markov 
model (HMM) software to identify KRAB, SCAN, and Krüppel-type finger motifs (HMMER 2.3, 
http://hmmer.wustl.edu/).  Profile HMMs are statistical descriptions of sequence consensus and 
provide a basis for sensitively identifying additional related sequences.  Profile HMMs were 
generated using alignments of motif peptide sequences collected from available known human 
genes and preliminary pattern-based searches of human genome sequences.
Based on RNA evidence and our HMMER-identified motifs, we generated models for all 
well-supported alternative transcripts arising from each locus (example shown in Fig. 1).  We 
also included alternate transcripts for many previously identified genes based on RNA evidence.  
6We then compared our models to publicly available gene models to identify overlap with 
previously described human genes.  For the 326 previously known loci, manual annotation 
produced 658 transcript models.  These included 491 models that overlap transcript models in 
the public databases but were extended or corrected by manual annotation, and 159 transcript 
models from the public datasets that were not modified. In addition to the known genes, we 
identified 97 KRAB-ZNF loci capable of encoding full-length proteins (defined as open reading 
frame translations that include at least one N-terminal effector domain and an array of 2 or more 
zinc fingers) that are not described in the public databases. For 77 of these novel loci we were 
able to generate gene models capable of encoding complete KRAB-ZNF proteins, supported by 
public mRNA and / or spliced EST evidence. For 17 of the remaining 20 loci, the only available 
RNA evidence consists of unspliced EST sequences, and for three loci no RNA evidence was 
available.  For these genes, we used the motif coordinates and additional genome features (see 
Methods) to generate putative gene models. Results of these gene curation efforts are 
summarized in Table 1; a complete list of curated genes and transcripts is provided in Suppl. 
Table S1.  Curated mRNA sequences, predicted proteins, exon structure and other information, 
including links to external information sources and information on other types of Krüppel-type 
human proteins, can be accessed from the project website (http://znf.llnl.gov).
Altogether we identified 423 loci capable of encoding full-length proteins that contain 
both effector and zinc-finger domains.  These include 30 SCAN-ZNF, 28 SCAN-KRAB-ZNF and 
365 KRAB-ZNF genes (Table 1).  For simplicity we will hereafter refer to the collection of genes 
simply as KRAB-ZNF genes, except to discuss properties specific to one of the three subtypes.   
In addition to these 423 loci with at least one full-length transcript, we also identified 128 genes 
with non-canonical structures; for example, loci predicted to encode ZNF-only, KRAB-only or 
SCAN-only proteins.  These loci were curated as potential protein coding genes only if 
supported by mRNA evidence, but a number of genes of this type correspond to previously 
described and named loci, and therefore all are described as known or putative genes on our 
7website (http://znf.llnl.gov).  Some of these loci may encode functional genes.  However, in the 
following discussions we will focus on the 423 loci capable of encoding full-length proteins with 
both effector (SCAN, KRAB or both) and zinc-finger domains.
Gene Models and Alternate Splicing in KRAB-ZNF Loci
In addition to the archetypically structured KRAB-ZNF transcripts, alternate transcripts 
encoding KRAB-only or fingers-only proteins with known or predicted functions have been 
described for several genes (Bellefroid et al. 1993; Oh et al. 2005; Wu et al. 2003). Furthermore, 
KRAB-ZNF loci with SCAN or multiple distinct KRAB exons are known to encode protein 
isoforms that include different combinations of effectors (Dreyer et al. 1999; Sander et al. 2003).  
Annotation of the complete 423 member human KRAB-KZNF locus set indicated that all three of 
these general types of alternative transcripts are common products of the genes in this family 
(Table 1; Suppl. Table S1).  Transcripts encoding fingers-only variants are often generated by 
splicing events that skip KRAB-encoding exons, or by the use of alternate transcription start 
sites located downstream of effector exons.  By contrast, KRAB-only variants are typically 
generated by inclusion of an additional exon between the KRAB and zinc finger exons, which 
throws the ZNF-encoding exon out of frame, or through the use of an alternate 3’ exon, either 
splicing out the finger exon or stopping short of it (e.g., transcript model ZNF681(Aboobaker and 
Blaxter), Fig. 1).  
Alternative splicing occurring within the large zinc finger-encoding exon was observed 
for 17 loci, resulting in a predicted protein with an altered ZNF array.  By removing zinc-finger 
motifs, this type of alternative splicing event could generate protein isoforms with different DNA 
binding specificities. RNA species with structures that suggest splicing events within the finger 
arrays that remove one or two fingers but maintain the reading frame of the downstream finger 
motifs were also observed for several genes.  However, we did not detect canonical splice 
8signal sequences at these putative splice positions and the biological relevance of these mRNA 
species is therefore uncertain. 
Altogether, we identified 818 different transcripts generated from the 423 KRAB-ZNF 
genes; together these transcripts encode a total of 743 distinct proteins. The most prevalent 
class of transcripts exhibits the archetypal KRAB-ZNF gene structure, with a KRAB-A, KRAB-B 
and ZNF-encoding exons (221 genes), but mRNA species encoding proteins with several other 
combinations of effector domains were also frequently found (Table 1).  Predicted KRAB-ZNF 
proteins with 2-40 tandem zinc-fingers are encoded by the collection of human genes, with a 
median number of 12.5 ZNF motifs per gene.  SCAN-containing proteins typically include a 
smaller number of zinc finger motifs than their KRAB-containing counterparts, with a median 
number of 8 ZNF motifs in SCAN-KRAB proteins and 5.5 ZNF motifs for proteins including the 
SCAN domain alone (Table 1).  This observation suggests that the SCAN proteins might 
typically recognize shorter DNA binding motifs, an interpretation that is interesting in light of the 
fact that many SCAN-ZNF proteins have been shown to bind DNA as homodimers, potentially 
recognizing DNA sequences that are arranged as tandem repeats (Sander et al., 2002).
Gene fragments and pseudogenes
We identified 227 gene fragments and 39 full-length pseudogenes.  Gene fragments 
were found frequently distributed among the protein-coding genes in KZNF clusters.  Analysis of 
those pseudogenes included in a published set of recent human segmental duplications (Bailey 
et al. 2001) confirmed that most arose from neighboring, intact genes by partial-gene duplication 
events.  However, in previous studies we have also documented gene remnants left behind 
after lineage-specific deletions (Hamilton et al. 2003; Shannon et al. 2003) and the histories of 
these gene fragments therefore cannot be ascertained without a more detailed phylogenetic 
analysis. 
9In addition to segmental duplicates, we also found evidence of 75 processed KRAB-ZNF 
pseudogene sequences. Three of these processed pseudogenes maintain open reading frames 
potentially capable of encoding functional proteins (LLNL1071 (HSA3, 32Mb), LLNL1040 
(HSA9, 35Mb), and LLNL973 (HSA12, 132Mb)), but all other retroposed pseudogenes 
correspond to degraded, nonfunctional copies. 
Gene Clustering and Evolution
As has been noted previously, most KRAB-ZNF genes reside in familial clusters 
(Bellefroid et al. 1995; Dehal et al. 2001; Shannon et al. 2003; Shannon and Stubbs 1998)
Defining “clusters” liberally as 2 or more related neighboring loci separated by less than 200kb 
of intergenic sequence, we identified 63 KRAB-ZNF, SCAN-ZNF and mixed clusters in the 
human genome (Suppl. Table 1). A total of 382 intact KRAB-ZNF genes reside in these clusters; 
in addition, 41 KRAB-ZNF loci can be classified as isolated ‘singleton’ genes (i.e. not included in 
any cluster grouping) (Table 1; Fig. 2).  Most of the genes are concentrated in 25 of the 61 
human gene clusters, each of which contains 4 or more loci (Table 2).
To identify evolutionary relationships, we constructed a phylogenetic tree based on 
KRAB-A-encoding nucleotide sequences from the full set of predicted human KRAB-ZNF genes 
(Fig. 3).  As suggested by previous studies, evolutionary relatedness is generally associated 
with physical proximity in this family.  For instance, the tree defines clear associations of large 
sets of genes from the major chromosome 19 clusters located at 11-12 Mb (cluster 18 in Table 
2; colored light green on Fig. 3), 19-23 Mb (cluster 19; orange), 41-42 Mb (cluster 21; pink), 57-
58 Mb (cluster 23; blue-green), and 60-63 Mb (clusters 24 and 25; violet).  Some intermixing of 
related genes from different chromosomal locations was also seen.  For example, KRAB-C-
containing genes, ZNF101 and ZNF14, located at the p-telomeric end of HSA19 cluster 19, are 
not related to neighboring cluster members but find their closest relatives in cluster 18, located 8 
Mb away (Table 2).  Three genes located in a mixed-family cluster at HSA1 are also closely 
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related to this KRAB-C gene clade.  All other members of the large centromeric HSA19 cluster 
group together in the tree with relatives residing in HSA7 and at several other distributed sites 
(Fig. 3).  These data confirm that tandem in situ duplication events have represented the major 
mechanism of new gene creation in the KRAB-ZNF family, but also indicate that distributed 
duplication events have played a prominent role.
Most genes containing the KRAB-A motif also include the KRAB-B modulator, or less 
common modulators KRAB-b, KRAB-BL or KRAB-C (Table 1).  These associations appear 
within separate clades in the KRAB-A-based tree, indicating that these motifs arose and were 
expanded within specific families (Fig. 3).  Unlike the results for the KRAB modulators, the 
SCAN-containing KRAB-ZNF genes do not group together in one evolutionary clade (red 
circles, Fig. 3).  This pattern could be explained if the SCAN-KRAB-ZNF combination is ancient, 
with a history of frequent loss of one or the other effector domains during the expansion of the 
gene family. This kind of history would also explain related genes with different combinations of 
SCAN and KRAB effector motifs observed in several clusters (Suppl. Table 1).  Recent, lineage-
specific expansions in gene number can affect both KRAB-ZNF genes (Hamilton et al. 2003)
and SCAN-containing genes (Sander et al. 2003).  It is also possible that the SCAN-KRAB 
combination arose more than once, since SCAN-KRAB-ZNF loci with different combinations of 
KRAB-A and KRAB-B domains are also distributed in several different clades.
Phylogenetic analyses also highlighted significant similarity between cluster members 
and isolated loci distributed at distant chromosomal sites. Some of these duplicates are part of 
larger segmental duplications that also include additional ZNF family members.  For example, 
seven KRAB-ZNF genes and one pseudogene sequence distributed in HSA4, 8, 11, and 12 (the 
‘scout clade’ highlighted in Fig. 3), show 96-98% nucleotide sequence identity over the lengths 
of duplication units spanning more than 70 kb.  This degree of sequence similarity indicates that 
most of the duplication events occurred £ 15 Myr ago, and several gene copies may have arisen 
after the divergence of the hominid lineage. Interestingly, the recently evolved HSA8 copies 
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from this gene family (LLNL1035, LLNL1101, LLNL1102, and LLNL1103; Suppl. Table 1 and 
http://znf.llnl.gov) are contained within segmental duplications that have been shown to vary in 
copy number in the genomes of individual humans (Sebat et al. 2004; Sharp et al. 2005; Tuzun 
et al. 2005).
Paralogs, orthologs and recent primate duplications
To identify putative orthologs of human KRAB-ZNF genes, we also generated HMMER-
based gene models from the chimpanzee, mouse and dog genomes and searched for 
reciprocal best BLAST matches between these models and the curated human coding gene set 
(Suppl. Tables 2-4). The draft status of mouse, dog and chimp genomes makes it impossible to 
determine the KRAB-ZNF gene repertoires of those species completely, and we did not curate 
models from these species to distinguish genes from intact pseudogenes.  However, these data 
provided a preliminary view of KRAB-ZNF gene conservation in mammals.  We identified 108 
sets of putative human-mouse orthologous pairs (defined as clear reciprocal best matches in 
BLAST; Suppl. Table 5). This conserved gene set includes only 76 of 365 KRAB-ZNF genes 
without a SCAN domain (21% of total), but 32 of the 58 total human SCAN-domain containing 
ZNF genes (55%) (Table 1). The relative enrichment of SCAN-containing loci in the conserved 
gene set suggests that SCAN-containing gene family members may be evolving under different 
constraints than their KRAB-only counterparts.
In addition, many human proteins matched more than one putative mouse or dog 
ortholog with high similarity, and conversely, examples were detected in which multiple human 
genes identified the same single reciprocal best-matching gene in dog or mouse (Suppl. Table 
5). Three hundred forty-six of the 423 human proteins detected a clear chimpanzee ortholog, 
and all human KRAB-ZNF clusters with 4 or more genes are represented by related clusters 
with similar numbers of loci in the draft chimpanzee genome (Table 2).  A total of 212 human 
KRAB-ZNF protein-coding loci residing in 34 clusters detected a believable homolog in either 
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the mouse or the dog genomes. The remaining 211 loci represent potential primate-specific 
genes (Suppl. Table 6).
Included in this set of 211 loci are KRAB-ZNF genes residing in a centromere-adjacent 
HSA19 cluster (cluster 19, at 19-23 Mb), which has long been known to be primate-specific 
(Bellefroid et al. 1995).  Genes in this cluster date back to early primate evolution, but the family 
underwent a significant expansion sometime before the divergence of old and new world 
monkeys (Eichler et al. 1998).  Subsequent duplications have created new genes within the 
HSA19 cluster, new primate-specific clusters in HSA4 and HSA7, and singleton gene copies at 
several distributed sites (Hamilton et al. submitted).  Altogether, this expanded subfamily 
comprises 62 of the 211 candidate primate-specific protein-coding genes.
Other members of the potential primate-specific gene group have also been involved in 
recent duplications, as indicated by overlaps between annotated KRAB-ZNF loci and recent 
segmental duplications in the human genome. The dataset generated by Bailey and colleagues 
(2001) includes all duplicated regions with >90% identity over >1kb.  Within these domains we 
counted genes spanned by duplicated segments over most or all of the transcription unit length.  
Forty-eight of the 211 human genes without recognizable homologs in mouse or dog sequence 
are spanned by these recent duplications; 12 additional genes within duplicated regions are 
conserved in non-primate species and potentially represent “parental” copies for some of the 
primate-specific duplicates (not shown).
To examine older primate duplications, we also compared noncoding sequences from 
within each locus with BLAST, identifying all gene pairs with >85% noncoding sequence 
identity.  A total of 111 genes were identified with noncoding sequence BLAST matches at this 
level to other genes in the human KRAB-ZNF set, indicating their involvement in duplication 
events that have taken place within the past 30-45 Myr (Suppl. Table 6).  
The majority of these putative primate-specific genes reside in identified primate-specific 
clusters or in clusters that have undergone significant primate-specific expansions in gene 
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numbers (Table 2; Suppl. Table S6).  In addition, a number of recent duplications have created 
one or more new copies of genes that are otherwise well conserved (Hamilton et al. 2003; 
Shannon et al. 2003).  We see evidence of lineage-specific expansion in other species as well, 
such as the expansion of genes in the mouse genome illustrated in the cluster shown in Fig. 4B.  
However, not all clusters exhibit evidence of rapid evolutionary change.  For example, one 
cluster located in HSA5, is unusually well conserved, with most cluster members conserved as 
1:1 orthologous pairs in mouse (Fig. 4A) and dog (not shown, see Table S6 for a complete list of 
orthologous pairs between human and chimpanzee, mouse, and dog proteins).  By combining 
the non-coding sequence similarity, segmental duplication, and primate specific cluster data, we 
determined that of the 211 human KRAB-ZNF genes without a 1:1 ortholog in dog or mouse, 
136 genes (32% of all human KRAB-ZNF genes) show compelling evidence for primate 
specificity.
KRAB-ZNF Gene Expression, Cluster Position, and Evolutionary History
Microarray expression data is publicly available for 335 of the 423 predicted human 
KRAB-ZNF genes, corresponding primarily to members of the Refseq or known gene sets (Su 
et al. 2004); Affymetrix (http://www.affymetrix.com). The actual number of genes for which 
reliable gene expression data exists is smaller, since many of the probes in publicly available 
microarray sets fall within sequence regions shared by multiple related genes (a total of 508 
probe sets are associated with these 335 genes).  By focusing on microarray data from 
relatively unique sets of probes corresponding to 260 genes (Suppl. Table S8) we were able to 
obtain preliminary answers regarding the evolution and function of KRAB-ZNF genes.  
Specifically, we were interested in addressing two questions.  First, we sought to determine if, 
as in certain other clustered gene families (e.g. homeobox, olfactory receptor, immune receptor, 
and hemoglobin genes (Dryer 2000; Hardison 1998; Holland 1992; Hughes 2002)), KRAB-ZNF 
genes are co-expressed, or alternatively, (Gan et al. 2000) if tissue-specific expression is 
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separately controlled and free to diverge.  Secondly, we wanted to determine if evolutionary 
relatedness of paralogs predicts a corresponding relatedness in expression patterns. To 
address these questions, we used the Cluster software package (Eisen et al. 1998) to 
determine relationships between microarray expression patterns of KRAB-ZNF genes and to 
compare similarity in expression patterns with locations.  
Although this analysis revealed that gene expression patterns for the KRAB-ZNF family 
are diverse, some clustering was observed.  Most notably, expression data for 66 (25%) of the 
human KRAB-ZNF genes analyzed clustered with >40% correlation into one major group with 
highest levels of expression in bone marrow, spleen, thymus, lymph nodes and related immune 
cell types.  A second group of 52 genes (20%) displayed the opposite pattern, i.e. significantly 
reduced expression levels in immune-related tissues and cells (Fig. 5, Suppl. Table S8).  
However, expression pattern similarities do not correlate with location in the genome; rather, 
groups of genes with most similar expression patterns were generally derived from different 
chromosomal regions. These data confirm more generally the patterns we have observed in in-
depth studies of specific KRAB-ZNF clusters (Hamilton et al. Submitted; Shannon et al. 2003).  
Although recently evolved duplicate gene pairs sometimes display overlapping patterns of 
expression (Shannon et al. 2003), neighboring genes were only infrequently grouped as best 
matches on the basis of expression similarity (Fig. 5). The wide divergence of gene expression 
patterns amongst closely related genes indicates that clustered genes are not co-expressed, 
and suggests that promoters and other regulatory elements duplicated along with KRAB-ZNF 
coding sequences are diverging rapidly to give rise to genes with distinct patterns of tissue-
specific expression. 
DISCUSSION
We have identified and curated 423 human loci capable of encoding complete KRAB-
ZNF proteins, including 91 novel loci.  RNA evidence indicates that the vast majority of these 
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models correspond to expressed human genes, many of which are alternatively spliced to
encode predicted protein isoforms with potentially different functional properties.  For example, 
inclusion of a KRAB-B domain has been shown to enhance repressor activity of KRAB-A 
proteins (Vissing et al. 1995), whereas the inclusion or exclusion of a SCAN domain may 
facilitate or abolish dimer formation, respectively (Williams et al. 1999).  Alternative splicing of a 
SCAN-KRAB gene to exclude the KRAB-encoding exon might have an even more dramatic 
effect, potentially transforming the protein into a transcriptional activator.  The prevalence of 
these alternative transcripts therefore predicts a vast array of KRAB-ZNF proteins with a wide 
range of gene regulatory roles.  Although the KRAB-ZNF gene family includes a number of 
isolated segmental duplicates, most family members appear to have been created by tandem in 
situ duplication events yielding 63 human familial gene clusters.  Since patterns of tissue-
specific expression do not generally correlate with genome location, the clustered organization 
of KRAB-ZNF loci is probably a simple reflection of this evolutionary history rather than a sign of 
co-regulation or other type of functional linkage. 
Based on comparisons between the curated human gene set and uncurated gene 
models from draft mouse, dog and chimpanzee genomes, we present a preliminary 
classification of human KRAB-ZNF genes based on their degree of conservation or lineage-
specificity.  A total of 212 human genes identify clearly orthologous sequences in either mouse 
or dog of which 99 genes can be grouped in obvious 1:1 orthologous relationships that have 
been deeply conserved throughout mammalian evolution.  A small number of KRAB-ZNF 
clusters are deeply conserved as clusters in gene content and structure, but most human 
clusters harbor genes that have arisen through lineage-specific duplication events and several 
human gene clusters detect no obvious syntenically homologous counterparts in dog or mouse.  
Data derived from interspecies comparisons, BLAST similarity in noncoding intronic 
sequences, and overlap with recent human segmental duplications (Bailey et al. 2001) identified 
111 loci that are likely to represent primate-specific genes.  Among these loci, 62 genes are 
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considered members of the ZNF91 subfamily (Hamilton et al. Submitted) and most of the 
remainder are found in conserved gene clusters and represent lineage-specific duplicates of 
more ancient genes. For a total of 111 of these putatively primate-specific genes, we obtained 
evidence of relatively recent duplication, providing additional support for their primate specificity.  
Many genes within the known primate-specific clusters have been shown to predate the 
divergence of old world and new world monkeys (Bellefroid et al., 1995; Eichler et al., 1998) and 
these and other older primate duplicates cannot be detected reliably through sequence similarity 
measurements.  Confirmation of the evolutionary histories of these genes must await the 
completion of sequences from new world monkey and prosimian genomes.
Most non-KRAB ZNFs and virtually all invertebrate Krüppel-type proteins carry short 
ZNF arrays, typically comprised of 3-4 zinc-finger motifs; by contrast, the DNA binding arrays of 
mammalian KRAB-ZNF proteins include a median of 12 tandem fingers.  The large number of 
ZNF motifs in the predicted human proteins suggests a preference for relatively long and 
specific DNA binding sites, a conjecture that is supported by the known binding sites of KRAB-
ZNF and other ‘polydactyl’ ZNF proteins (e.g., (Gebelein and Urrutia 2001; Schoenherr and 
Anderson 1995; Tanaka et al. 2002; Zheng et al. 2000).  However, the correlation between ZNF 
array length and binding site length is probably not dictated by a simple formula; for certain 
proteins at least, only subsets of zinc fingers are required for DNA binding (e.g. ZBRK1, (Zheng 
et al. 2000)) and different fingers may be used to recognize targets of distinct sequence 
composition and types (e.g., ZAC, (Hoffmann et al. 2003); CTCF, (Ohlsson et al. 2001)). The 
potential ability of these polydactyl proteins to interact with multiple distinct DNA recognition 
sequences through different subsets of zinc fingers could potentially multiply the already 
substantial functional diversity of the KRAB-ZNF family. 
What kinds of biological roles would fit the dynamic evolutionary history of KRAB-ZNF 
proteins? Recent studies of two genes from a rodent-specific cluster shed a particularly 
interesting light on this question.  Mus-specific KRAB-ZNF gene duplicates Rsl1 and Rsl2 
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(regulator of sex-limited expression, 1 and 2) regulate gender-specific expression of distinct 
target genes involved in reproduction, and Rsl mutations with clear effects on gene expression 
and subtle phenotypic effects have been described (Krebs et al. 2003). The known functions of 
these genes raises the possibility that other clustered KRAB-ZNF genes may also serve to 
regulate gender-specific traits, a set of physiological properties known to be under intense 
evolutionary selection (e.g., (Pischedda and Chippindale 2005)).  One primate-specific KRAB-
ZNF protein (ZNF91) has been implicated in the regulation of immune-related genes many of 
which are also evolving rapidly, and available microarray data also indicate a prominent role for 
KRAB-ZNF genes in immune cell function.  
However, since gene targets are known for only a handful of KRAB-ZNF proteins, the 
cumulative biological impact of their remarkable evolutionary history remains a matter of 
conjecture. The target genes that have been identified for both highly conserved (e.g. ZNF202, 
ZBRK1, KRIM1, NRIF, ZNF354c) and lineage specific KRAB-ZNF genes (RSL1 and 2; ZFP57; 
ZNF253), suggest intriguing roles for these transcriptional repressors in a wide variety of 
biological processes and pathways. Because of their sheer numbers, their wide range of tissue-
specific expression, and their dynamic evolutionary history, we predict that KRAB-ZNF genes 
have played a significant role in shaping human biology, including both primate-specific and 
deeply conserved traits. Given the fact that this single gene family accounts for more than 20% 
of the 2000 predicted human transcription factor protein-coding loci (Messina et al. 2004), a 
more complete understanding of the functions of the KRAB-ZNF family will be essential not only 
for understanding pathways of vertebrate evolutionary diversity, but also for building accurate 
models of gene regulation and its role in human disease.
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METHODS
Genome searches and initial data analysis
Existing Refseq human KRAB-A, KRAB-B, KRAB-b, KRAB-C, and SCAN protein 
sequences were collected and trimmed to include only motif residues completely encoded within 
single exons.  All finger protein sequences (X7-C-X2-C-X12-H-X3-H) from HSA19 were 
collected by a simple pattern matching script.  Sequence alignments for each motif-type were 
generated using CLUSTALX (Thompson et al. 1997) and submitted to the HMMER profile HMM 
matrix building tool HMMBUILD to generate matrices.  These matrices, along with Pfam 
(Bateman et al. 2004) BTB matrix PF00651 were used by the HMMER search program to 
identify all putative motif matches in a six-frame translation sequence set of the Hg17 DNA 
sequences.  In addition, DNA sequences from exons immediately preceding known KRAB-A 
exons were used to search Hg17 chromosomal sequences using BLAST (Altschul et al. 1990).  
Output from the HMMER and BLAST searches was compared to the genomic coordinates of 
publicly available gene models from Refseq (the NCBI mRNA reference sequence collection), 
UCSC Known (known protein-coding genes based on protein data from UniProt (SWISS-PROT 
and TrEMBL) and mRNA data from Refseq), and MGC (Mammalian Gene Collection gene 
models) (Strausberg et al. 1999) to identify previously characterized loci.  The search results 
were also arranged in chromosomal order and grouped based on proximity and orientation into 
putative loci.
The human HMM matrices were also used to search the chimp (PanTro1), mouse 
(mm6) and dog (canFam1) genome translations, and putative loci were generated based on 
proximity and orientation as above.  Crude protein sequences for these non-human loci were 
generated by extending from motif coordinates N- and C-terminally until a translational stop 
signal was encountered, eliminating overlapping sequences from adjacent motifs, and joining all 
collected sequences for each locus.  
Gene annotation and database curating
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All editing of gene model structures was performed with the sequence annotation editor 
APOLLO (http://www.fruitfly.org/annot/apollo) and existing publicly available annotation data
(e.g., mRNA, EST, CpG islands, first exon prediction, gene prediction, etc.), as well as HMMER 
motifs generated in house.  Public gene models were modified where transcript adjustment was 
warranted based on RNA evidence.  New models were created based on RNA evidence where 
available, but in some cases, based solely on motif locations generating an open reading frame 
with appropriate splice boundaries within a locus.  All intron boundaries were compared to the 
canonical splice sites (GT-AG, AT-AG, and GC-AG) and models were adjusted accordingly.  
UTRs of gene models were maximally extended when significant RNA evidence suggested an 
extension of an existing model’s 5′ or 3′ ends was justified.  Loci were considered to contain 
pseudogenes if no gene model could be made which could produce a functional protein.  Loci 
producing KLF-like (2-4 fingers on separate exons), PRDM-like (>4 fingers on more than 2 
exons) and BTB-containing genes were excluded from the ZNF dataset.  Adjacent genes were 
considered “clustered” if the intergenic sequence separating the genes was less than 200 Kb.
Comparative genomic analyses
Protein sequences from all human KRAB and SCAN-KRAB loci were separately 
BLASTed against databases containing all human ZNF protein sequences or all crude 
sequences from chimp, mouse, or dog loci.  The best match (non-self match when searching for 
paralogs) was then BLASTed against the human database.  If the best match returned in this 
second search was the initial search query, the pair was considered a reciprocal pair.  Data was 
collected for the best six matches for each protein, and reciprocal matches were flagged.  
Chromosomal positions of reciprocal matches were compared, and relative position 
comparisons were used to analyze evolution of loci and clusters both within the human genome 
and across the four species.
Evolutionary analysis
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A tree of phylogenetic relationships was generated for the KRAB-A exons of 407 KRAB-
ZNF loci. The KRAB-A was chosen for analysis because it is the most common effector domain 
in the family of KRAB-ZNF genes, and is easily aligned between the large number of loci.  Intact 
KRAB-A sequences were extracted from the catalog loci and alignments of the sequences were 
made using CLUSTALX.  The alignment was manually checked using SeAl (Rambaut 1996).  
The PAUP 4.0b10 package (Swofford 2002) was used to generate trees using mean character 
differences and the neighbor-joining (NJ) method.  A Xenopus KRAB-A (Xfin) sequence was 
added as a potential outgroup. Genes that had a KRAB-A and also an in-frame, translated 
KRAB-b, KRAB-BL, KRAB-C or SCAN domain were marked on the phylogeny.
Selection of microarray probe sets and expression clustering
Affymetrix-based GNF Atlas expression data (Su et al. 2004) was obtained from the UCSC 
genome Bioinformatics website and GNF1H and U133A probe sets relevant to genes in our 
dataset were selected.  Due to the possibility that probe sequences designed for recently-
duplicated ZNF genes may significantly match sequences of paralogous genes, a screening 
process was designed to select the most unique probe set for each gene.  First, the individual 
sequences for all probe sets from both chips were BLASTed against all catalog transcript 
sequences (including non-canonical genes).  A pool of gene-specific probe sets was then 
identified based on two criteria: first, all sequences within a given probe set perfectly aligned to 
some portion of a single target locus; second, the ration of the number of target-specific 
alignments over the total number of alignments to any locus (i.e. target and non-target loci to 
which probes had ≥ 20/25 matches) was greater than 0.8.  This second requirement eliminates 
probe sets which interrogate additional target(s) well or numerous targets poorly.  In instances 
where multiple candidate probe sets were identified for a single gene, a representative probe 
set was manually chosen based on comparing where in the transcripts the probe sequences 
aligned.
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Using Cluster v. 2.11 (Eisen et al. 1998), the expression profiles for the selected probe 
sets were hierarchically clustered using an uncentered correlation metric.  The resulting cdt files 
were visualized using TreeView v. 1.60 (Eisen et al. 1998) to generate Figure (Expression (B)).  
Profiles were also manually arranged in chromosomal order and visualized in TreeView to 
generate Figure 5.
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TABLE AND FIGURE LEGENDS.
Table 1.  Characteristics of KRAB / SCAN-KRAB ZNF gene families.
Table 2.  Overview of major human gene clusters and relative conservation in other 
mammals.
Figure 1.  Schematic of locus ZNF681 adapted from the UCSC Genome Bioinformatics 
Genome Browser with ZNF data added as additional tracks.  Curated gene model 
predictions are shown at the top of the image (green); bracketed numbers indicate unique 
catalog model identifiers. All Refseq and UCSC Known gene models for locus ZNF681 are 
shown at the bottom of the image (black).  Protein motifs identified in the genomic sequence are 
shown as labeled in the center, with sequences containing stop codons (purple) separated from 
“intact” motifs (blue).  All gene models are represented in the image as follows: thin bars 
represent untranslated exon sequence, thick bars are translated exon sequences, and arrowed 
lines represent intronic sequence and direction of transcription.
Figure 2.  Genome-wide distribution of KRAB / SCAN-KRAB genes.  Positions of catalog 
genes are shown in relationship to each chromosome.  Gray bars represent the total 
chromosomal sequence, with light gray (white?) segments representing telomeres, 
centromeres, and gaps in the chromosome sequence.  In the whole genome map (Panel A), 
individual loci or clusters of loci are represented by green bars, with bar width indicating the 
relative span the loci or clusters of loci include relative to the chromosome.  A map of 
chromosome 19 (Panel B) shows more detail of the loci relative to the chromosome.  Light 
green bars represent clusters of genes; dark green bars are individual genes.  Blue and red 
bars represent pseudogenes / fragments and retroposed pseudogenes, respectively.  Maps of 
all chromosomes are available at the catalog website (http://znf.llnl.gov).
Figure 3.  Phylogenetic tree of human KRAB-A motifs.
A neighbor-joining phylogenetic tree including 407 human KRAB-A sequences. Gene 
designations are removed from this unrooted phylogram for clarity but genes from several major 
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physical clusters are colored to show correspondence between location and sequence 
similarity. White or differently-colored circles within a clade surrounded by a larger block of color 
represent genes that are related to those from a particular cluster.  KRAB-A motifs associated 
with a SCAN domain are marked with red circles.  KRAB-B motifs were not highlighted in order 
to distinguish the KRAB-A’s with less common modulators, indicated as described in the figure.  
The green arrow notes the position of the Xenopus KRAB sequence Xfin, added as a potential 
outgroup. In several instances, such as within the ‘scout clade’, KRAB sequences were found to 
be identical between closely related genes.
Figure 4.  Comparison of conserved clusters of KRAB genes. Groups of human genes 
defined to be clustered (see Methods) were compared to genes from other species and 
adjacent non-ZNF genes were identified.  The relative genomic locations of the genes (HSA, 
human; PT, chimpanzee; and Mmu, mouse) were mapped as shown in the figures (colored 
arrowheads), with orthologs indicated by vertical lines and similar gene relationships indicated 
by dashed lines.  Non-ZNF genes are colored gray, KRAB genes are colored black, and other 
ZNF genes are colored white.  In the cluster shown in panel A, most genes are well conserved, 
with only one possible expansion of a non-KRAB ZNF in chimpanzee.  Panel B represents a 
cluster with little change between human and chimp, but a significant expansion of one human 
ortholog in mouse.
Figure 5.  Analysis of expression patterns for KRAB and SCAN-KRAB ZNF genes.  
Expression levels of members of the human KRAB and SCAN-KRAB genes are represented by 
red (higher) and green (lower) boxes.  Vertical columns of boxes represent different genes, and 
horizontal rows represent different tissues.  We have grouped tissues into the following 
categories as labeled on the left of each panel: N, neural; I, immune; G, glandular; M, muscle; 
O, other organ; and R, reproductive.  In panel A, the 260 analyzed genes are arranged in 
chromosomal order.  Selected genomic clusters are indicated by colored boxes beneath the 
expression pattern.  From left to right, the clusters are (as numbered in Table 2): 13, 14, 17, 18, 
24
21, 22, 23, 24, 25, 6, 8, 9, and 10.  In panel B, all selected expression profiles (described in text) 
have been clustered based on expression pattern similarity.  Colored hash marks above the 
expression profiles indicate the chromosomal cluster from panel A with which each profile 
corresponds.
Table 1.
Gene type
No.
found
No. in
clusters
No. of
singletons
Effector-only
transcripts
ZNF-only
transcripts
Median
no. 
fingers
No. 
conserved in 
chimpanzee
No. 
conserved 
in mouse
No. 
conserved 
in dog
KRAB-A 91 81 10 9 27 12 71 20 36
KRAB-A-B 221 197 24 38 39 12 175 54 118
KRAB-A-BL 11 11 0 2 3 15 9 1 0
KRAB-A-b 11 11 0 1 3 15 11 0 2
KRAB-A-C 31 31 0 1 3 14 25 1 2
SCAN-KRAB-A* 28 23 5 6 0 8 26 17 23
SCAN 30 28 2 9 4 5.5 29 15 24
Total 423 382 41 66 79 12 346 108 205
* Includes all SCAN-KRABA genes with and without modulating motifs.
Table 2.
Human cluster Conservation In Other Species1
Cluster 
Number Coordinates (Mb) Chimpanzee Dog Mouse
1 chr1:243.3-243.8 + + + - + -
2 chr3:40.49-40.55 + + + + - -
3 chr3:44.45-44.75 + - + - + -
4 chr4:0.043-0.482 + - - - - -
5 chr5:178.07-178.44 + + + + + +
6 chr6:28.15-28.66 + + + + + -
7 chr7:62.78-63.91 + - - - - -
8 chr7:98.71-98.87 + + + + + +
9 chr7:148.19-149.00 + + + + + -
10 chr8:145.89-146.24 + + + + + -
11 chr10:38.12-38.45 + - + + + -
12 chr12:132.10-132.39 + + + - + -
13 chr16:3.07-3.43 + + + - + -
14 chr16:30.31-30.70 + + + + + -
15 chr18:31.07-31.21 + + + + + -
16 chr19:2.77-2.89 + + + - - -
17 chr19:9.11-9.75 + + + - + -
18 chr19:11.56-12.60 + - + - + -
19 chr19:19.63-24.11 + - - - - -
20 chr19:39.72-40.14 + + + - - -
21 chr19:41.46-43.01 + + + + + -
22 chr19:49.02-49.69 + + + - + -
23 chr19:57.03-58.77 + + + - + -
24 chr19:61.29-62.04 + + + + + -
25 chr19:62.31-63.77 + + + - + -
1Based on reciprocal BLAST results.  Level of cluster conservation with each species indicated 
as follows: + +, at least ¾ of human genes conserved; + -, conservation, but less than ¾ of 
human loci conserved; - -, no conservation of human genes detected.
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